Dehydration is a common event associated with exercise. However, few studies have examined the effects of dehydration on plasma redox status in humans. Eighty-two athletes were recruited and had Baseline anthropometrics and blood samples obtained. Athletes then engaged in a dehydration protocol, training until 3% of pre-weight body mass was lost. Athletes returned to the lab and had Post-dehydration blood collected. Athletes then consumed an isotonic drink until pre-exercise body weight was reestablished. Blood was then recollected (1-h post-full rehydration (PFR)). Samples were centrifuged and the plasma snap frozen in liquid nitrogen and stored at -80°C. Lipid and protein oxidative stress was determined by measuring F 2 -isoprostanes and protein carbonyls (PC), respectively. Antioxidant capacity was determined by the ferric reducing ability of plasma (FRAP) and trolox equivalent antioxidant capacity (TEAC) assays. Plasma osmolality was determined using an osmometer. Statistical analysis utilized a 1-way ANOVA with post-hoc testing. Values are reported as mean ± SD. Plasma osmolality was significantly elevated immediately post-dehydration (p≤0.001) but decreased to Baseline at PFR.
Introduction
Oxidative stress during exercise is known to be involved in many adverse outcomes which can often result in subsequent damage to cellular proteins, lipids, and nucleic acids (Powers et al. 2016; Sallam and Laher 2016) . Additionally, exercise is often associated with dehydration and investigations in vitro have revealed that dehydration and hyperthermia elicit increased cellular and oxidative stress. Situations involving heat exposure and dehydration are associated with ischemia/reperfusion events that are highly damaging to most mammals (King et al. 2016 ) . However, research in vivo utilizing specific and sensitive biomarkers of oxidative stress related to different physiological components such as lipids and proteins is more limited (Penkman et al. 2008; Paik et al. 2009; Hillman et al. 2011) . While oxidative stress is typically linked to increases in oxygen consumption which result in formation of reactive species (Powers et al. 1999) , the specific impact of dehydration on oxidative stress in exercising humans is less known. Animals subjected to environmental and metabolic stressors elicit certain response patterns. The most commonly observed response is an eventual enhancement of antioxidant defenses (Hermes-Lima and Zenteno-Savin 2002).
Alterations in cellular hydration not only contribute to changes in metabolic pathways, but also determine the cellular response to various forms of stress. Whereas cellular swelling triggers anabolic pathways and protects cells from oxidative damage, cellular dehydration contributes to catabolism and increases the cellular susceptibility to damage. Adaptations via accumulation of osmolytes and the expression of heat shock proteins provide cellular tolerance to hyper-osmolality under dehydrating conditions. Therefore, there appears to be a close relationship between osmotic and oxidative stresses (Schliess and Haussinger 2002) . Beyond the theoretical, McAnulty et al. (McAnulty et al. 2005a ) examined the effect of exercising at a fixed D r a f t 4 intensity (50% of VO 2max ) in a hot environment (35°C, 70% relative humidity (RH)) versus exercising in a cool environment (25°C, 40% RH) on markers of oxidative stress. The heat stress trial produced a core temperature of 39.5ºC. F 2 -isoprostanes increased in both groups following exercise but were significantly higher in the hot environment. Dehydration was also greater in the hot trial (2.8% of body weight) compared to the neutral trial (0.6% of body weight). However, this study did not examine the effects of antioxidant status or the effect of rehydration on F 2 -isoprostanes. Interestingly, Laitano et al. (Laitano et al. 2010) found that in euhydrated humans heat stress or exercise alone did not alter GSH, SOD activity, or increase plasma isoprostanes. However, combined heat stress and exercise increased both GSH and GSSG, decreased SOD activity, but did not alter isoprostanes. This suggests that heat stress, independently of dehydration, increases antioxidant defense which may compensate for the effects of heat stress-induced oxidative stress. (Laitano et al. 2010) .
Therefore, given the lack of an existing comprehensive examination of the effects of precisely monitored dehydration on specific indices of oxidative stress and antioxidant responses, the objective of this study was to investigate the effects of dehydration and rehydration by using sensitive indirect measures of oxidative stress and the antioxidant capacity response. We hypothesized that dehydration would increase oxidative stress and antioxidant capacity.
METHODS

Subjects
Fifty-Six male collegiate wrestlers and 26 female (N=82) collegiate soccer players were recruited to undergo an acute dehydration (3% body weight for males and females) and rehydration protocol. Due to other study obligations and dropouts, the subject numbers for 
Research Design
The experiment followed a repeated measures design with all subjects serving as their controls. Subjects were instructed to report to the Appalachian State University (ASU) Human Performance Laboratory (HPL) in a hydrated state at 8:00 a.m. Subjects proceeded to follow a series of stations in the following order: urine sample, body mass, blood samples. This order was followed at baseline, immediately post-dehydration, and one-hour post-full rehydration (PFR) time points.
After completing baseline measurements, the athletes were assigned a mass loss goal of 3% body mass (BM) for males and females. The participants then underwent a supervised exercise regimen of two hours to induce the prescribed mass loss. A Tanita TBF 300 digital scale (Tanita Arlington Heights, IL 60005) sensitive to 0.1 percent and 0.1 kg was used to determine percent body fat and body mass, respectively. The male wrestling regimen incorporated an initial warmup of jogging and gymnastic maneuvers such as cartwheels and round offs, followed by several stretching exercises. The remainder of the dehydration protocol involved drilling. Drills included from the feet (stance, defense, changing levels) and from the mat (standups, short sit, Granby shrug). This training occurred indoors with a temperature of 22.7 0 C and 53% relative humidity. The soccer training involved attacking, crossing and finishing, overlapping runs, and defending. This training occurred outside with a temperature of D r a f t 6 13.3 0 C and 78% relative humidity. Scales were available at all times for the subjects to check if they had attained their mass loss goal.
Specific dehydration data have been previously published (Sommerfield et al. 2015) .
Upon exercise completion, subjects returned to the HPL where they followed the same measurement order as baseline. Once post-exercise measures were completed, subjects were
given an electrolyte-carbohydrate beverage (6% or 60 g·L -1 ; Gatorade®, Barrington, IL, USA).
The electrolyte-carbohydrate beverage contained 20 mmol·L -1 sodium and 3.2 mmol·L -1 of potassium among other minerals. The amount of beverage assigned was equal to the body mass lost by each subject during exercise. All fluids were precisely measured and provided to subjects by research assistants. Each subject was required to consume fluids equivalent to half of the BM lost during the dehydration protocol within the first 20 min of the rehydration protocol. The second half of the lost BM was consumed from minutes 21 to 40 of the rehydration protocol.
Once pre-exercise BM was attained, the final blood samples were collected 1-hour PFR, corresponding to two hours post-commencement of fluid consumption.
Blood Sampling Conditions and Disposition
With subjects in the seated position, blood samples were drawn from an antecubital vein into sodium heparin tubes and centrifuged at 3,500 RPM, 4 º C x 10 min. Plasma was aliquoted, snap frozen in liquid N 2, and stored at -80°C until analysis for plasma osmolality, F 2 -isoprostanes, protein carbonyls, and the following plasma antioxidant parameters: Ferric
Reducing Ability of Plasma (FRAP) and Trolox Equivalent Antioxidant Capacity (TEAC). techniques to measure higher concentrations, compared to LC and GC-MS technologies, due to cross reactivity with similarly structured molecules versus the parent molecule. We performed a de-esterification protocol to measure total F 2 -isoprostanes versus free F 2 -isoprostanes by adding 15% potassium hydroxide to all samples and incubating at 40ºC for 60 min. Samples were then neutralized by addition of 1M potassium phosphate, pH 7.0-7.4, then purified by solid phase extraction on C18 cartridges (Sep-Pak Plus silica cartridges, Waters) and ultimately reacted with antibodies provided in the kit to determine total F 2 -isoprostanes. A 4-parameter logistic fit curve was used to determine final concentrations. Intra-assay and inter-assay coefficients of variation were less than 6% and 4%, respectively.
Protein Carbonyls
Protein Carbonyls were measured using the Protein Carbonyl Colorimetric Assay Kit by Cayman Chemical (Item № 10005020). The level of plasma protein oxidative damage, indicated by the protein carbonyl content (Cadenas et al. 2016) , was measured according to the method of Levine et al. (McDougall et al. 2016) , based on derivatization of carbonyls with DNPH as described in detail by Yan and Sohal (Mah et al. 2015) . The isolated protein was counted in a Beckman scintillation counter and calculated using a standard curve. Intra-assay and inter-assay coefficients of variation were less than 8% and 9%, respectively.
Ferric Reducing Antioxidant Potential (FRAP)
Total plasma antioxidant potential was determined by the ferric reducing ability of plasma (FRAP) assay according to the methodology of Benzie et al. (Benzie and Strain 1996) .
The basis of this assay is that water soluble reducing agents (antioxidants) in the plasma will reduce ferric ions to ferrous ions which then react with an added chromogen. Samples and standards were analyzed in duplicate and expressed as ascorbate equivalents based on an D r a f t 8 ascorbate standard curve (0-1000 µmol). Intra-assay and inter-assay coefficients of variation were less than 5% and 7%, respectively.
Trolox Equivalent Antioxidant Capacity (TEAC)
Antioxidant activity was further determined in EDTA treated plasma samples using the TEAC method as described by Villano et al. (Villano et al. 2004 ). Briefly, a free radical producing enzymatic system was created using the horseradish peroxidase enzyme and 2,2´-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). This radical is produced by a reaction with 1.5 mM ABTS, 15 µM hydrogen peroxide and 0.25 µM peroxidase in 50 mM glycine-HCL buffer (pH 4.5). One hundred µL of sample were placed in individual cuvettes, and two mL of ABTS were then added. After two minutes of incubation, the wavelength of the solution was measured at 414 nm. All samples were tested in duplicate. The decrease in absorbance was quantified using a linear regression model of an eight-point standard curve (0-200 µM) and expressed as Trolox equivalents. Intra-assay and inter-assay coefficients of variation were less than 5% and 3%, respectively.
Plasma Osmolality
Blood samples were obtained to test for plasma osmolality (mOsm) using a freezing point depression osmometer (Model 3250, Advanced Instruments Inc., Norwood, MA, USA).
Statistical Analysis
Data were analyzed using a 1-way ANOVA with post hoc testing using Instat statistical software (GraphPad StatMate version 2.00 for Windows, GraphPad Software, San Diego CA, USA). Data are expressed as mean ± SD. All data were screened for outliers with outliers designated as being outside of the mean + 2.5 SD. post-full rehydration (PFR) (Figure 1 ). Plasma osmolality data were used to indicate dehydration state and have been previously published by Sommerfield et al. 2015 (Sommerfield et al. 2015 .
Results
D
Plasma TEAC (µmol/L trolox equivalents, n=33) exhibited the same pattern of rise from baseline to immediately post-dehydration followed by a fall PFR (pre: 498.06 ± 6.02, post: 552.2 ± 12.11, PFR: 513.5 ± 1.85) and displayed statistical significance pre to immediate post (p<0.001) and pre to PFR (p<0.001) (Figure 2 Weak correlations were also displayed between plasma osmolality and TEAC immediately postdehydration (p≤0.02, correlation = -0.404) and PFR (p≤0.037, correlation = -0.376) ( Table 2) .
Discussion
This study indicates that dehydration, coupled with exercise, increases plasma osmolality In the current investigation, we found a suppression of F 2 -isoprostanes immediately after dehydration, followed by an elevation post-full rehydration in contrast to exercise studies that did not incorporate dehydration (McAnulty et al. 2005b; McAnulty et al. 2007a; McAnulty et al. 2007b ). Quantification of F 2 -isoprostanes provides an accurate assessment of oxidative damage both in vitro and in vivo. A National Institutes of Health-sponsored independent study found F 2 -isoprostanes to be the most reliable index of in vivo oxidant damage, when compared against other well-known biomarkers (Milne et al. 2007 ). It has been suggested that oxidant and antioxidant changes observed in the blood during exercise are dependent on temperature and We found that protein carbonyls decreased similarly to F 2 -isoprostanes immediately postdehydration but not to the same extent. A relationship may exist between lipid modification and modification of proteins in conditions of oxidative stress. Oxidized polyunsaturated fatty acids (PUFAs) readily bind to protein nucleophiles and can be derivatized by 2, 4-dinitrophenylhydrazine (DNPH) and constitute significant DNPH-detectable protein-bound carbonyl activity that serves as a key indicator of oxidative stress in tissues (Sayre et al. 2006 ).
D r a f t
Plasma protein carbonyls are abundant and easily detectable markers of oxidative stress that are widely used for the interpretation of exercise-induced changes in redox balance (Wadley et al. 2016) . Despite many studies reporting acute increases in protein carbonyl concentration in response to exercise, some studies have shown decreases similar to our observations in the current investigation. Intensity, duration, and novelty of the exercise bout may all influence the protein carbonyl response to exercise (Wadley et al. 2016 ).
We also observed increases in both FRAP and TEAC responses immediately postdehydration with values returning to baseline by 1-hour PFR. We further propose that the elevation in post-exercise FRAP and TEAC antioxidant values immediately post-dehydration were sufficient to reduce the formation of F 2 -isoprostanes and protein carbonyls. What is unexplained is the divergent response we observed immediately post-rehydration between F 2 -isoprostanes and protein carbonyls. F 2 -isoprostanes increased while protein carbonyls returned to normal. This suggests differences in formation mechanisms between the two.
In support of our hypothesis that increased antioxidant responses diminished oxidative damage post-dehydration, Knez et al. (Knez and Periard 2014) our study conclusions, it was suggested that the heat stress observed in the HOT environment provided an up-regulation of antioxidant defense which dampened cellular damage. Also, Laitano et al. (Laitano et al. 2012) found that during exercise, active skeletal muscles release GSH into the circulation under moderate dehydration and subsequent rehydration, possibly to enhance the antioxidant defense. An increase in the immune response may also be a counter to increased oxidative stress in conditions of hyperthermia and dehydration (Mestre-Alfaro et al.
2012
; Sureda et al. 2015 ).
In conclusion, our study indicates that dehydration, coupled with exercise, causes increases in plasma osmolality and antioxidant potential which initially suppress lipid and protein oxidative damage markers followed by an increase after rehydration in F 2 -isoprostanes but not protein carbonyls. We believe this is the first study to report a divergent response to lipid and protein oxidation after dehydration followed by rehydration. Our findings further suggest that dehydration results in a cellular stress that is not completely resolved after rehydration. The specific mechanisms concerning the divergence between protein and lipid oxidation following rehydration should be further examined in future studies.
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